MS-based proteomic analysis was combined with in silico quantum mechanical calculations to improve understanding of protein adduction by N-phenylhydroxylamine (PhNHOH) and nitrosobenzene (NOB), metabolic products of aniline. In vitro adduction of model peptides containing nucleophilic sidechains (Cys, His, and Lys) and selected proteins (bovine and human hemoglobin and β-lactoglobulin-A) were characterized. Peptide studies identified the Cys thiolate as the most reactive nucleophile for these metabolites, a result consistent with in silico calculations of reactivity parameters. For PhNHOH, sulfinamides were identified as the primary adduction products, which were stable following tryptic digestion. Conversely, reactions with NOB yielded an additional oxidized adduct, the sulfonamide. In vitro exposure of human whole blood to PhNHOH and NOB demonstrated that only sulfinamides were formed. In addition to previously reported adduction of β 93 Cys of human Hb, two novel sites of adduction were found; α 104 Cys and β 112 Cys. We also report CD and UV-Vis spectroscopy studies of adducted human Hb that revealed loss of α-helical content and deoxygenation. The results provide additional understanding of the covalent interaction of aromatic amine metabolites with protein nucleophiles.
Results
Quantum Mechanical Calculations. The calculated parameters associated with softness/hardness and relative electrophilicity/nucleophilicity of AA metabolites and potential target protein nucleophiles are shown in Tables 1 and 2. The data in Table 1 indicate that NOB is predicted to be a softer and more electrophilic species than PhNHOH, based on the relative values for σ and ω (0.346 eV −1 and 1.32 eV, respectively, for PhNHOH and 0.611 eV −1 and 5.71 eV, respectively, for NOB). For target nucleophiles, the data indicate that the Cys thiolate is expected to be a softer nucleophile than either the protonated (neutral) Cys thiol form or neutral forms of His and Lys. Table 2 presents data on the calculated reactivity index (ω − ) for each electrophilic species with relevant protein nucleophiles. The reactivity index for Cys thiolate with either electrophile (1.03 eV and 3.18 eV for PhNHOH and NOB, respectively) was found to be higher than for the neutral thiol or for unprotonated His and Lys. In addition, NOB exhibited a higher ω − when paired with Cys (−1) than did PhNHOH.
PhNHOH-and NOB-adducted peptides. In vitro incubation with various peptides containing nucleophilic residues was used to determine if only free thiols are modified by PhNHOH or NOB. To this end, the synthetic peptides PAAKAA, PAACAA, and PAAHAA, in addition to human acetyl ACTH (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , and acetyl γ-endorphin were subject to adduction. The latter two peptides contain no Cys residues but do include potentially reactive Lys and His residues. Synthetic peptides were acetylated at the N-terminus and amidated at the C-terminus. Even with high amine:peptide molar excess, the only adducted peptide obtained was PAACAA, Figure 1 . Scheme of the reaction of aniline with free thiol. First step in the reaction process consists of the N-oxidation of aniline to PhNHOH, primarily in hepatocytes. Phenylhydroxylamine is then co-oxidized to NOB, primarily in erythrocytes. NOB reacts with the SH-groups of free cysteine to form the sulfinamide, which can additionally oxidize to a sulfonamide. Expected mass increases of the reaction products are shown.
with modification at the Cys residue confirmed by MS/MS analysis. MS/MS ion fragmentation data for the modified PAACAA peptide are summarized in Table 3 and MS/MS spectra are shown in Supplementary Information Figure S1 -A. In contrast to Cys modification, no adduction at Lys or His was identified with either PhNHOH or NOB.
Additionally, adduction of a synthetic heptapeptide corresponding to residues 90-96 of human β-Hb (ELHCDKL), which contains free Cys, His, and Lys, was also examined ( Table 3 ). Figure 2 illustrates MS data for the control and adducted peptides. The major product of adduction was the sulfinamide, as verified by a molecular mass increment of +107 Da, with minor amounts of sulfenic acid modification. Cys sulfinamide formation was also confirmed by MS/MS analysis (Table 1 ; Supplementary Information Figure S1 -B). The pH dependence of adduction of the β-globin peptide was assessed in the range of 6.5 to 9.0 in 0.5 pH increments (data not shown). Adduction was first detected at pH 7.0; maximum adduction was noted at pH 8.5 and higher. Based on these data and to minimize protein structural changes that might occur in more alkaline solutions, pH 7.8 was chosen for all Table 3 . MS/MS ion series of adducted peptides with PhNHOH and NOB. a The primary ions for both peptides were singly charged.
[Ph] = loss of phenyl group during fragmentation; [NHPh] = loss of -NH-Ph group during fragmentation; H = histidine, K = lysine. Peptide fragmentation indicated using standard peptide ion nomenclature 76 . The calculated m/z were obtained using Protein Prospector 77 . "b" and "y" = fragments corresponding to the cleavage of the peptide bond; "a" = fragments corresponding to the cleavage of the bond between the Cα and C=O of each amino acid. Ions shown in bold are confirmatory of specific cysteine modification. Product ion spectra are shown in Supplementary Information Figure S1 . further experiments. Time course studies indicated that maximal peptide adduction was obtained with incubation times longer than 25 min (data not shown). Experiments under reducing/alkylating and aerobic/anaerobic conditions were then performed to establish whether these environments could affect thiol adduction and to determine the stability of the sulfinamide formed. MS-based mass increment studies (Fig. 3 ) demonstrated that no adduction occurred on the β-globin peptide when incubation with PhNHOH was performed in the presence of the reducing agent tris(2-carboxyethyl)phosphine (TCEP), which inhibited oxidation of PhNHOH to NOB ( Fig. 3B) . Similarly, only very small amounts of sulfinamide were produced when incubation was performed without TCEP but under anaerobic conditions ( Fig. 3E ). In contrast, NOB was able to adduct peptide in either the presence of TCEP or under anaerobic conditions ( Fig. 3C and F), confirming that the nitrosoarene can directly adduct thiols under reducing conditions. Modification of proteins by PhNHOH and NOB. Initial studies indicated that protein adduction essentially reached completion after 5 h under the incubation conditions used. Based on these data, and with the goal of achieving stoichiometric modification of highly reactive free thiols in Hb, all protein experiments were conducted using overnight incubation with PhNOH or NOB. Analysis of whole protein by LC-QTOF-MS/MS ( Fig. 4 ) following aromatic amine metabolite exposure provided the necessary mass resolution and accuracy to allow the direct detection of low molecular weight modifications in bovine and human Hb and β-LGB-A. Control proteins showed a measured mass accuracy within ±1-3 ppm. For bovine α-Hb and β-Hb, deconvoluted spectra showed molecular masses of 15053.28 Da and 15954.55 Da, respectively ( Fig. 4A) ; whereas for human α-Hb and β-Hb, deconvoluted spectra showed molecular masses of 15126.51 Da and 15867.30 Da, respectively ( Fig. 4B ). Higher mass ion species noted in control protein preparations represent Na + adducts (e.g., 15074.27 Da in control α-Hb).
A difference in mass (i.e., mass increment) between the adducted and control protein was consistent with the specific adduct formed and the stoichiometry of modification. Initial studies were conducted with bovine Hb, which has only one free Cys moiety (i.e., β 91 Cys; equivalent to human Hb β 93 Cys). After adduction with PhNHOH, a unit mass increment of +107 Da was observed, corresponding to a sulfinamide modification (theoretical mass increment +107.0371 Da). In contrast, adduction with NOB yielded two modifications on β 91 Cys; a sulfinamide (+107 Da) and a sulfonamide (+123 Da; theoretical mass increment +123.0320 Da) ( Fig. 4A , right side). As expected, the lack of free thiol moieties in the bovine Hb α-subunit yielded unchanged molecular masses upon treatment ( Fig. 4A , left side).
For the human Hb β-subunit, a 214 Da mass increase, consistent with two sulfinamide modifications, was observed with either chemical. Furthermore, upon reaction with NOB, masses consistent with the addition of one sulfinamide and one sulfonamide (+230 Da) were also observed ( Fig. 4B , right side). Notably, human Hb β-subunit has two free thiols, 93 Cys and 112 Cys; MS/MS results (discussed below) demonstrate that both cysteines were modified by these chemicals. Additionally, for the human Hb α-subunit, an increment of +107 Da, likely Figure 2 . β-Globin peptide moiety mass spectra. Black trace corresponds to the native peptide and red trace corresponds to adducted peptide. Adducted β-globin peptide sulfinamide peak corresponds to a mass increase of 107 Da compared to control. Note stoichiometric conversion of Cys indicated by lack of peak for unmodified peptide in treated sample.
corresponding to sulfinamide formation on 104 Cys, was observed with either chemical (Fig. 4B , left side). For both bovine and human Hb subunits, the absence of MS peaks corresponding to unmodified protein in treated preparations is consistent with stoichiometric modification of the free thiols. When the adducted bovine and human Hb were reincubated following removal of unreacted aromatic amine metabolite, it was observed that the sulfinamide and sulfonamide adducts were stable for at least one week (data not shown).
To determine if the presence of the heme group influenced the formation of the observed sulfonamide product, β-LGB-A, a protein without heme but containing a single free thiol ( 121 Cys), was subjected to adduction. After treatment with PhNHOH or NOB, a +107 Da mass increment, corresponding to sulfinamide formation, was observed ( Fig. 5 ). However, unlike in the case of the human Hb β-subunit, no sulfonamide modifications were observed for this protein in the presence of NOB. Stoichiometric modification was also observed for this protein. These results suggest that the presence of the heme group may facilitate oxidation of the sulfinamide to sulfonamide following direct adduction by the nitrosoarene species.
The accessibility to small electrophiles, such as aromatic amine metabolites, of thiols in human Hb was assessed by measuring reactivity towards the alkylating agent IAM. Only β 93 Cys was found to be susceptible to alkylation (mass increment +57 Da) (Supplementary Information Figures S2-B and S2-G). When human Hb was initially alkylated and then reacted with PhNHOH or NOB, sulfinamide formation was observed on the α-Hb subunit, along with one alkylated cysteine and one sulfinamide adduct in the β-Hb subunit (Supplementary Information Figures S2-D and S2-I). These data suggest that, while α 104 Cys and β 112 Cys, which are generally shielded in the folded protein 29, 30 , were not modified by IAM, both PhNHOH and NOB are capable of modifying these thiols under the conditions used in this study.
Identification of protein adduction sites.
Adducted proteins were subjected to combinatorial Lys-C/ trypsin digestion and high resolution MS/MS proteomic analysis to confirm the sites and types of modifications noted in the whole protein studies. The sequence coverage achieved for both protein subunits was 95 to 97% for the bovine Hb and 100% for human Hb. Table 4 
and Supplemental Information Figures S3-S6 present complete MS/MS ion data and spectral interpretation for specific modified digested peptides detected in bovine and human
Hb pre-treated with aromatic amine metabolites. Adducted peptide IDs were confirmed with very low mass error compared to calculated and with multiple b-and y-series ions for each peptide.
For bovine Hb adducted by PhNHOH, the MS/MS fragmentation pattern confirmed the presence of a sulfinamide adduct on β 91 Cys ( Table 2 and Figure S3 -A). Following adduction with NOB, both sulfinamide and sulfonamide adducts were identified at β 91 Cys, (Table 4 and Figure S3 -B,C). Among the digested peptides of human Hb, both sulfinamide and sulfonamide modifications were also found on α 104 Cys (Table 4 and Figure S4 ). Additional sulfinamide and sulfonamide modifications were confirmed at β 93 Cys and β 112 Cys of human Hb, as evident from MS/MS analysis of the corresponded digested peptide (Table 4 
and Figures S5 and S6).
Exposure of whole blood to PhNHOH and NOB. To assess whether other blood components could influence the adduction process, heparinized human blood samples were treated with PhNHOH and NOB. Hb was then purified and mass increments due to adduction were assessed by whole protein MS as described earlier.
In this experiment, β-Hb modified with one sulfinamide product (+107 Da) was observed after exposure to PhNHOH (Fig. 6B ). In contrast, when blood was exposed to NOB, modified β-Hb with mass increments of both +107 and +214 Da, consistent with formation of one and two sulfinamides, respectively, was observed ( Fig. 6C ). In addition, we observed a peak at 15,233 Da for α-Hb, consistent with a single sulfinamide modification on 104 Cys of this subunit (data not shown). In contrast to studies with purified Hb, sulfonamide products were not detected following whole blood incubations. Finally, stoichiometric conversion of free thiols in human β-Hb was noted with NOB, but not PhNHOH treatment ( Fig. 6B and C). Identical results were observed when isolated RBCs (as opposed to whole blood) were exposed to either chemical.
Human Hb adduction in the presence of GSH/GSSG. The lack of formation of sulfonamides observed in Hb following treatment of whole blood may have been due to the presence of other blood components that prevented sulfinamide oxidation, such as small thiols including GSH. Consequently, we carried out the adduction of purified human Hb in the presence of 1 mM reduced GSH, to model typical intracellular concentrations which reportedly range from 0.5 to 10 mM 31 . As in the whole blood experiments, only Cys sulfinamide modifications were observed for Hb treated with either PhNHOH or NOB in the presence of either GSH or a mixture of GSH and GSSG (Fig. 7) . In contrast, the addition of oxidized glutathione GSSG alone did not have any effect on the adduction process with either PhNHOH or NOB. Control Hb in the presence of GSH, GSSG and GSH/GSSG did not exhibit changes in molecular mass (data not shown). These results suggest that the presence of small thiols in whole blood can inhibit the formation of products other than the sulfinamide.
In vitro dose response for adduct formation in human Hb. It was also of interest to assess the potential of lower concentrations of AA metabolites to induce sulfinamide adduct formation in human Hb. Accordingly, incubation of Hb at metabolite:protein molar ratios ranging from 0.005:1 to 30:1, followed by MS-based whole protein mass increment analysis, was performed. For PhNHOH, molar ratios of 2:1 and higher yielded a mass increment of +107 Da for α-Hb, consistent with formation of a sulfinamide adduct at α 104 Cys, and a mass increment of +214 Da for β-Hb, consistent with formation of sulfinamide adducts at β 93 Cys and β 112 Cys as previously observed ( Fig. 8) . At a molar ratio of 0.5:1, PhNHOH treatment yielded a mix of unmodified and adducted products, while at the lowest molar ratios (0.05:1 and 0.005:1), no adduction was observed. Similar results were obtained with NOB, except that adduct levels were noted to be higher at the 0.5:1 molar ratio as compared to PhNHOH (data not shown).
Circular Dichroism and UV/Vis spectroscopy. CD spectral analysis in the 190-260 nm range was carried out to detect conformational changes in human Hb induced by PhNHOH and NOB adduction. Control human Hb revealed a characteristic α-helix secondary structure with a π → π* positive perpendicular transition with a maximum at λ = 192 nm and two negative minima at λ = 208 and 222 nm, which correspond to the π → π* negative parallel and η → π* negative transitions, respectively ( Fig. 9A ). CD of Hb adducted by either compound revealed a large change in the far UV region of the spectrum, consisting of a decrease in molar ellipticity at λ = 192 nm and an increase in molar ellipticity at λ = 208 and 222 nm indicate that the helicity was significantly decreased. The deconvoluted CD spectra and calculated compositions of secondary structure showed that the α-helix content for the human Hb control was 47.7%, which decreased to 24.4% in the presence of PhNHOH and to 21.1% in the presence of NOB (Supplementary Information Table S1 ).
Additionally, to determine if adducted Hb undergoes conformational changes induced by PhNHOH and NOB binding, UV-Vis absorption spectra were measured. Figure 9B shows the absorbance spectra between λ = 250-500 nm for the control and adducted human Hb. The adducted Hb exhibited an increase in the absorption region of λ = 280 nm. Adduction of Hb also resulted in a hypochromic red shift in the maximal absorbance from λ = 407 to 419 nm and from λ = 407 to 426 nm for PhNHOH and NOB, respectively. Spectrophotometric changes in the visible region of Hb exposed to PhNHOH and NOB are shown in Fig. 9C . Both chemicals caused the disappearance of the typical double peaks of absorption at λ = 541 nm and λ = 578 nm associated with oxy-Hb, which were replaced by single maxima at λ = 543 and 556 nm for Hb adducted by PhNHOH and NOB, respectively. No additional peak at ~630 nm was noted, indicating minimal formation of met-Hb under the conditions used in this study.
Discussion
In the present study, adduction with model peptides containing nucleophilic moieties (Cys, Lys, His) revealed that only free thiols were modified by the aniline metabolites PhNHOH and NOB, with the major products identified as sulfinamide and sulfonamide. These results were also consistent with quantum mechanical calculations at the DFT level. For both PhNHOH and NOB, the higher predicted reactivity index (ω − ) determined for Cys (−1) as compared to the neutral forms of Cys, Lys, and His correlated with the selectivity of thiolate adduction observed with model peptides and proteins and the lack of detectable adduction of either Lys or His. Similar predictions of Cys thiolate reactivity with other electrophiles have been previously reported 13, 32 . However, the presence of a conjugated π electron network in both electrophiles studied here suggests that they may be relatively weak electrophiles and thus would likely require higher concentrations in order to drive the second-order adduction reaction. The HSAB calculations also projected a higher reactivity for NOB compared to PhNHOH as the electrophile, a prediction borne out by our experimental findings. Although specific determination of rate constants was not performed in our study, previous studies have demonstrated the high correlation between HSAB calculated electrophilicity values (ω) and rate of adduction, particularly in the absence of significant steric impacts on rate 13 . It has been reported that PhNHOH must be oxidized first to the nitroso form (NOB) for thiol adduction to occur, and it has been proposed that the iron in the heme group of Hb can facilitate this oxidation step 33, 34 . However, our results with synthetic peptides also demonstrated that oxidation to NOB can occur spontaneously, a result that is in agreement with those previously reported by others. For example, Pathak et al. reported that conversion of the hydroxylamine derivative of aminobiphenyl to the nitroso form could occur via air oxidation 35 . In addition, Becker et al. found that under aerobic conditions PhNHOH can be degraded spontaneously in aqueous solution at physiological pH to form NOB, nitrobenzene, and azoxybenzene 36 . Additionally, we demonstrated that spontaneous oxidation of PhNHOH is inhibited under a reducing or an anaerobic environments, as no sulfinamide was formed under these conditions.
The adduction reaction with AA metabolites is complex, as other pathways might yield varying intermediates and products, particularly following in vivo exposure 37 . In addition, these pathways depend on specific thiol pKa and concentration. Accordingly, hemoglobin adduction at lower AA metabolite concentrations was also tested in the present study. There are essentially no data available on physiological levels of PhNHOH or NOB within the erythrocyte following human exposure to aniline, thus making direct comparison of our in vitro concentrations with those encountered in vivo problematic. However, like other published work examining in vitro modification of Hb thiols by reactive xenobiotics [38] [39] [40] , the present study was not designed to specifically model in vivo occupational or environmental exposure but instead to investigate mechanism of adduction. Nevertheless, considering the prolonged exposures often encountered in these settings (compared to the short incubation times employed here), and the heme-mediated oxidative cycling of PhNHOH and NOB demonstrated to occur within the erythrocyte to regenerate reactive species 16 , the findings of the present study may also have relevance to human exposures.
In this study, cysteine sulfinamides and sulfonamides were identified as the primary in vitro adduction products with PhNHOH and NOB in both human and bovine Hb. Lack of formation of the sulfonamide in a heme-less protein (β-LGB-A) exposed to NOB as here demonstrated suggests that the heme group facilitates the oxidation of sulfinamide to sulfonamide observed in Hb. Our results with anaerobic conditions and the reducing agent TCEP shed additional light on the products of thiol modification by aniline metabolites. These data confirm that an N-hydroxylated compound, such as PhNHOH, is first oxidized to the nitroso form (NOB), which then reacts with the free thiol to form the sulfinamide. The lack of adduction by PhNHOH in the presence of TCEP indicates that oxidation of the N-arylhydroxylamine to form the arylnitroso does not occur under these conditions. Alternatively, it is possible that PhNHOH is reduced to aniline by TCEP. It has been reported that hydroxylamines can oxidize tertiary phosphines 41 and that, under certain conditions, TCEP could react with maleimide and haloacyl groups 42 . Further experimentation to assess whether PhNHOH can be reduced to aniline as a consequence of reducing agent treatment would therefore be valuable.
In vitro exposure studies with human whole blood demonstrated that sulfonamide products were not formed on Hb with either PhNHOH or NOB, despite the presence of heme. This important finding suggests that other blood components, including small thiols such as GSH, may be responsible for inhibiting further oxidation of the sulfinamide. It has been shown that NOB reacts with GSH to form PhNHOH, GSSG, and glutathione sulfinanilide 43 . In addition, other reaction pathways between nitrosoarenes and glutathione have been reported 44 . Accordingly, this phenomenon may underlie the absence of observable sulfonamide adducts of Hb in our whole blood experiments, a finding that could have important implications for in vivo exposure to aromatic amines.
It has been reported that arylsulfinamide adducts can be unstable under conditions of elevated temperature, in the presence of reducing agents, or with low pH, with the cysteine sulfinic acid as a major product 40, 45 . However, our results show that sulfinamide adducts are relatively stable at physiological pH, as we observed sulfinamides in both intact proteins and proteolytic digests. This may be because we did not perform reduction prior to the tryptic digestion, since neither bovine nor human Hb have disulfide bonds.
We did observe the formation of low levels of sulfinic and sulfonic acid adducts in our tryptic peptide digests of both control and adducted protein. Although protein sulfinic acids may be hydrolysis products of sulfinamides, they are also products of free thiol reactions with reactive oxygen species (ROS) 46 . For example, tryptic peptides containing sulfinic and sulfonic acids on 34 Cys of HSA were detected in samples of human plasma and serum 47 . The redox couple, PhNHOH and NOB, working as proton sources, can contribute to the accumulation of H 2 O 2 , which can react with free thiols to yield sulfenic, sulfinic, and sulfonic acids 33, 48 . In addition to the in vivo oxidation of cysteines by ROS, in vitro oxidations have been reported during the reaction of Hb with an excess of NOB 38 . Finally, ROS-dependent thiyl free radical formation in rat Hb has also been reported with PhNHOH and NOB in vitro and in vivo 49 . Further studies are required to determine the mechanism of formation of such products in intact protein and LysC/tryptic digests.
Our UV-Vis spectroscopy results demonstrated that Hb adducted by either compound undergoes structural changes. The observed increased absorption around 280 nm might be due to structural changes that expose aromatic residues, or by the covalent binding of the chemical compounds which adds an additional phenyl group. Hb exhibits intense absorption bands above λ = 320 nm. Strong absorption near λ = 400 nm (Soret band) is characteristic of hematoporphyrin proteins 50 . The porphyrin ring has been found to be highly flexible 51 . The oxidation state of the coordinated metal, oxygen binding, or structural changes near the heme group can distort the porphyrin group, affecting the Soret band 52, 53 and making it useful to distinguish Hb states 54 . The Soret band maxima for Hb-Fe(II)O 2 (oxy-Hb), Hb-Fe(II) (deoxy-Hb), and Hb-Fe(III) (met-Hb) have been reported as λ = 415, 430, and 405 nm, respectively 55 . The hypochromic red shift in the Soret maxima observed following adduction by either PhNHOH or NOB observed in the present study is consistent with conversion primarily to deoxy-Hb. In the visible region, oxygenated Hb has two absorption maxima, at around λ = 542 nm and λλ = 578 nm; deoxygenated Hb exhibits only a single maximum at λ = 540-550 nm 54 . Both aniline metabolites caused loss of the double peaks and replacement with single maxima at λ = 543 and 556 nm for Hb adducted by PhNHOH for Hb adducted by NOB, respectively. These results are also consistent with conversion of oxygenated Hb to the deoxygenated form.
In contrast, the UV-Vis spectral data did not suggest further transformation of Hb to either met-Hb or degradative forms of Hb such as hemichrome. For example, no significant peak at ~630 nm, typical of met-Hb, was observed with either PhNHOH or NOB under the conditions used in this study. The formation of met-Hb is a prominent sign of aromatic amine overexposure in humans, resulting in symptoms of oxygen deprivation (cyanosis) leading to morbidity or even death 16, 56 . The results of in vitro studies are less consistent, with some showing significant formation of met-Hb following aniline or metabolite treatment and others not. For example, Pathak et al. demonstrated a decrease in oxygenated Hb content and a time-dependent increase in met-Hb following in vitro exposure to PhNHOH 35 . In contrast, spectral changes consistent with deoxy-Hb formation were not reported. Differences in experimental conditions (e.g., amine:Hb molar ratios, incubation time, use of RBCs vs. purified Hb, presence or absence of reducing agents, etc.) may account for some or all of these inconsistencies. Finally, spectral changes indicative of hemichrome formation, i.e., loss of major peaks in the 500-600 nm range 57, 58 , were not noted in the present study, further suggesting that Hb oxidation did not proceed beyond the deoxy-Hb stage.
There are no previous published reports of changes in secondary structure of Hb assessed by CD following exposure to either PhNHOH or NOB. In the present study, the α-helical content of Hb was reduced by 49% with PhNHOH and by 56% with NOB, indicative of a strong disruption of native conformation of the protein. These results are consistent with those previously reported following treatment of Hb with other exogenous compounds. For example, far-UV CD spectral changes indicating a loss of secondary structure in Hb induced by the surfactant tetradecyltrimethylammonium bromide were attributed to increased hydrophobic interactions and subsequent loss of heme 59 . In another recent study, CD spectroscopy revealed loss of α-helicity in Hb with the fluorinated Figure 6 . Whole blood exposure to PhNHOH and NOB. Human whole blood samples were exposed to PhNHOH and NOB and Hb subsequently purified and analyzed by ESI-QTOF-MS. Deconvoluted masses for the β-subunit are shown: (A) Human Hb extracted from untreated whole blood. (B) Whole blood exposed to PhNHOH; sulfinamide adducted β-Hb (15974 Da; +107 Da) is observed as a reaction product. (C) Whole blood exposed to NOB; modifications consistent with one (+107 Da) and two (+214 Da) sulfinamides were observed on the β-subunit.
hydrocarbon perfluorooctane sulfonate (PFOS), linked to changes in heme group symmetry following entry of PFOS into the binding cavity of Hb 60 . When coupled to the UV-Vis results, our CD data suggest that, following thiol adduction, Hb may not be able to function as an oxygen carrier due to changes in secondary structure that are the direct result of covalent modification of free cysteines in Hb.
In view of the proximity of β 93 Cys to the heme moiety, it would not be unexpected that its modification would lead to important changes within the microenvironment of this residue. β 93 Cys is conserved among vertebrates and is a functionally significant residue of human Hb, and adduction of β 93 Cys by aromatic amines has been recognized for decades 23, 28, 35, 38, 61, 62 . However, in addition to modification of β 93 Cys of human Hb, we found two novel sites of adduction; α 104 Cys and β 112 Cys. Unlike β 93 Cys in human Hb, these residues are buried at the α 1 β 1 interface in Hb and generally less accessible to attack by potential electrophile 63 . However, α 104 Cys and β 112 Cys are likely to be involved in the quaternary structure of Hb 64 , with β 112 Cys identified as a key amino acid in stabilization of the αβ dimer by hydrophobic interactions with the α subunit 65 . Additionally, this interface is involved in structural changes of Hb that affect oxygen affinity. Analysis of the reactivity of the free thiols in the oxy and deoxy-Hb states reveal that β 93 Cys is generally reactive, while β 112 Cys is reactive in deoxy-Hb but unreactive in oxy-Hb 66 .
Kan et al. recently utilized the sulfhydryl reagent, p-hydroxymercuribenzoate (PMB) to prove that all three cysteine residues, the surface-exposed β 93 Cys and the shielded α 104 Cys and β 112 Cys, could be modified 39 . These authors reported that PMB-modification proceeded in a stepwise manner, with a reactivity order of: β 93 Cys > α 104 Cys > β 112 Cys. The modification of these residues will prompt a complete quaternary structure disassembly due to a disruption of the intersubunits within salt bridge networks. Based on these findings, adduction of all three cysteines by PhNHOH and NOB, as demonstrated in the present study, would be expected to induce conformational changes to induce the deoxy-Hb form and to destabilize the quaternary Hb structure. Comparable results have been observed in Hb adducted with methyl bromide, where all three cysteines were methylated 67 .
In summary, we utilized the aniline metabolites PhNHOH and NOB as model reactive xenobiotics in an in vitro peptide/protein modification system and in in silico reactivity calculations for a better understanding of reaction products and nucleophilic targets. Our studies reveal that, as predicted by in silico modeling, protein Cys thiol moieties, and not His or Lys residues, are the preferred reaction sites for both metabolites. In addition, we evaluated reaction conditions (i.e., protein:metabolite molar ratio, exposure time and pH, presence or absence of reducing agents and O 2 ) impacting the modification of free thiol moieties into sulfinamides and/or sulfonamides in purified human Hb exposed to these agents. Results of our reaction site studies are in general agreement with previous reports demonstrating selective modification of β 93 Cys in human hemoglobin 23, 28, 35, 38, 61, 62 . However, we also provide new data on modification of the two other free thiols in human Hb, β 112 Cys and α 104 Cys. Our data indicate that sulfinamide adducts are stable in intact protein and during proteolytic digestion, a finding that facilitates further proteomic analyses of these reactions. Finally, data consistent with changes in Hb oxidation state, in addition to structural alterations as a result of Hb thiol adduction, are also reported.
Methods
Caution: PhNHOH and NOB are toxicants and potential carcinogens that should be handled in fume hoods with appropriate personal protective equipment. Table S1 ). (B) UV/Vis absorbance spectra from 250-500 nm (Soret region). Adduction of Hb results in a hypochromic red shift in the maximal absorbance. (C) Visible absorbance spectra. Both compounds caused the disappearance of the double peaks of absorption at λ = 541 nm and λ = 578 nm, which are characteristic of oxygenated Hb. These are replaced by a single maximum; λ = 543 nm and λ = 556 nm for Hb adducted by PhNHOH and NOB respectively. The obtained results indicate that the Hb loses bound oxygen during the adduction process. of 0.3 mL/min. The spectra were deconvoluted using a Maximum Entropy charge algorithm contained within the Agilent MassHunter BioConfirm software (Version B.0.6.0).
Chemicals and

Protein digests were analyzed with an Orbitrap Fusion ™ Lumos ™ Tribrid ™ Mass Spectrometer (Thermo
Fisher Scientific) operated in positive mode, with a mass resolution (resolving power) of 1,000,000 FWHM. LC-MS/MS was operated in DDA mode, with an MS/MS cycle time of 3 s. Precursors were sorted by charge state with selected charges of +1, +2 and +3. Peptide separations were carried out on a Thermo Scientific C18 RP-HPLC column (2 μm, 75 μm i.d. × 250 mm). A 75 min gradient of 95% mobile phase A (water, 0.1% formic acid) 5% to 27.5% mobile phase B (80% acetonitrile, 0.08% formic acid) over 43 min followed by a ramp to 40% mobile phase B over 7 min and lastly to 95% mobile phase B over 5 min at a flow rate of 300 nL/min was used to separate the peptides. Data analysis was carried out using Proteome Discoverer software (Thermo Fisher Scientific; Version 2.0). The chemical modifications included in the analysis were sulfenic, sulfinic, and sulfonic acid, sulfinamide, sulfonamide, sodium and potassium adducts, alkylation by iodoacetamide, and heme group. Protein sequences were obtained from UniProt 68 .
Peptide Synthesis. ELHCDKL model peptide was synthesized on a solid phase using Fmoc chemistry 69 starting from Fmoc-Leu-Wang resin using a PS3 ™ (Protein Technologies Inc.) synthesizer. The peptide was cleaved from the resin with 94% TFA, 2.5% H 2 O, 2.5% 1,2-ethanedithiol, and 1% thioanisole. Peptide purifications were performed by RP-HPLC on a C18 semipreparative column (Vydac, 218TP510, 10 mm 250 mm; 5 μm particle diameter; 300 Å pore size) with a C18 guard column (Upchurch Scientific, AC-43 4.6 mm) at a flow rate of 3.5 mL/min. For the RP-HPLC separation, mobile phase A was 0.1% TFA and mobile phase B was 0.1% TFA in 60% acetonitrile. The peptide was eluted with an incremental linear gradient of 1% solvent B/min with monitoring at λ = 220 nm. The correct peptide mass and sequence were confirmed by LC-QqQ-MS/MS.
HSAB Quantum Mechanical Calculations. Density Functional Theory (DFT) calculations to approx-
imate the properties of chemical potential (μ), chemical hardness (η), chemical softness (σ), electrophilicity index (ω), and reactivity index (ω − ) were performed by determining E HOMO and E LUMO for reactive electrophiles (PhNHOH and NOB) and nucleophilic target sites (Cys, His, and Lys) as previously described 9, 32 . Briefly, initial structure geometries were generated via molecular orbital package (MOPAC) optimization using Chem3D Ultra software (Version 8, CambridgeSoft Corporation, Waltham, MA) and were exported to Gaussian 03 software (Gaussian, Inc., Wallingford, CT). Iterative structural geometry optimization was carried out, and E HOMO and E LUMO were calculated at the density functional level using a B3LYP functional with 6-31 G* basis set within Gaussian 03. Existing literature defines ω − as "nucleophilicity index"; however, for this work, ω − was termed "reactivity index" to indicate its potential to predict adduct formation between a specified nucleophile and electrophile.
Preparation of PhNHOH and NOB peptide adducts. Peptides (0.1 mg/mL) were dissolved in 25 mM ammonium bicarbonate buffer (pH 7.8) and treated with a molar excess of PhNHOH or NOB to peptide ranging up to 30:1. Samples (triplicate) were incubated in the dark for 3 h at 25 °C. Additionally, in some experiments peptides were alkylated at Cys residues prior to adduction by incubation for 1 h with 6 mM IAM, in order to confirm that adduction did not take place when the free thiol was blocked. In other experiments, peptides were adducted first and then subjected to reaction with IAM to assess stability of the adduct under these conditions. Peptide masses were confirmed using LC-QqQ-MS. Controls consisted of peptides incubated in parallel assays without the addition of PhNHOH or NOB. Anaerobic incubations were performed by initially purging all solutions with argon for 30 min before use. Peptides were dissolved in purged ammonium bicarbonate buffer and then purged again for 20 min. Selected aniline metabolites were added to peptide solutions while the sample mix was continuously bubbled with argon, incubated for 1 h at 25 °C, and then immediately analyzed by LC-QqQ-MS/MS.
Modification of proteins with PhNHOH and NOB.
Protein adduction reactions were carried out as described previously 38 with slight modifications. Briefly, protein solutions (2.5 mg/mL) in 25 mM ammonium bicarbonate buffer (pH 7.8) were incubated with PhNHOH or NOB. The proteins used were β-LGB-A, bovine Hb, and human Hb. β-LGB-A and bovine Hb were included to simplify initial MS studies, as they only contain a single reactive thiol site. In addition, β-LGB-A does not contain a heme group, thus allowing examination of the possible effect of heme on adduction by comparison to Hb. Molar excesses of PhNHOH or NOB to protein ranging from 0.005-to 30-fold (corresponding to 0.75 μM to 4.5 mM concentration) were examined. PhNHOH and NOB were dissolved in acetonitrile prior to use. Samples prepared in triplicate were incubated in the dark overnight at 25 °C with gentle agitation. Controls consisted of proteins incubated in parallel assays without the addition of PhNHOH or NOB. Unreacted chemicals were removed from the mixtures by centrifugal filtration with three washes using equal volumes of buffer. Samples were analyzed by direct flow injection and spectral deconvolution on the LC-QTOF-MS. In vitro whole blood exposure to PhNHOH and NOB. Heparinized pooled human blood samples (1 mL) from a commercial source were exposed to 1 mM of PhNHOH or NOB. The pH of the intact whole blood
Proteolytic digestion. Human and bovine
